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FIELD OF THE INVENTION

The present invention relates to the field of Global Navi-
gation Satellite Systems. More particularly, the present inven-
tion relates to methods and apparatus for determining a static
position of an antenna of a GNSS rover such as in stop-and-go
surveying.

BACKGROUND OF THE INVENTION

Global Navigation Satellite Systems (GNSS) include the
Global Positioning System (GPS), the GLONASS system,
the proposed Galileo system, and the proposed Beidou sys-
tem.

In traditional RTK (real-time kinematic) GNSS position-
ing, the rover receiver (rover) collects real-time GNSS signal
data and receives reference data from a base station or a
network of reference stations. The base station and reference
stations receive the GNSS signals at the same instant as the
rover. Because the reference data arrives at the rover with a
finite delay (latency) due to processing and communication,
the rover stores its locally-collected data and matches it epoch
by epoch with the arriving reference data. The rover then
computes a synchronous position for each epoch using the
matched data for that epoch. The synchronous data process-
ing of traditional RTK positioning uses only matched refer-
ence and rover data to obtain the maximum possible accuracy.
The need to wait for the reference data means that the com-
puted position is always delayed with respect to the current
position of the rover as reflected in the current GNSS data
from the rover’s GNSS-signal tracking loops. While the syn-
chronous position computed by the rover is accurate, the
accuracy comes with an inherent delay.

A prior-art delta-phase method used in kinematic survey is
aimed at producing low-latency estimates of the rover posi-
tion without waiting for the matching (synchronous) refer-
ence data to be received. When synchronous reference data is
available for a given epoch, the rover uses it to compute a
synchronous position for that epoch. When synchronous ref-
erence data is not available for a current epoch, the rover
estimates its delta position (the change in rover position) from
the last synchronous epoch until the current epoch) and adds
this delta position to the last synchronous position to obtain a
current low-latency position estimate while awaiting refer-
ence data for a further synchronous epoch. The price of this
low-latency scheme is an additional error of about 1 mm per
second of time difference between rover and reference data.

To maximize accuracy, prior-art processing for static-point
surveys uses only synchronous data for epochs when the
rover is static at the survey point, and also for ambiguity
estimation (receiver initialization). The delay due to waiting
for synchronous data has not been an issue in the prior art
because static occupations have traditionally been in the
range of at least a few seconds and because ambiguity reso-
Iution takes at least a couple of seconds.

Improved methods and apparatus for processing GNSS
signals are desired, particularly to improve productivity in
static position surveying with GNSS receivers.

SUMMARY OF THE INVENTION

Productivity is the main goal for surveys with more relaxed
accuracy requirements. While control point surveys need a
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sub-centimeter accuracy that can only be achieved using a
significant time span of data collected on a static point, so-
called topographic surveys require only centimeter-level
accuracy. On the other hand the topographic survey user
needs to measure thousands of points in a time span as short
as possible. The additional waiting period until the reference
data arrives and the collection of multiple epochs of synchro-
nized data are a real productivity disadvantage for topo-
graphic and other surveys requiring only the lower accuracy.

Improved methods and apparatus in accordance with some
embodiments of the invention provide for improved produc-
tivity in determining static position of an antenna of a GNSS
rover, such as in stop-and-go surveying.

Computer-implemented methods and apparatus in accor-
dance with embodiments of the invention provide for deter-
mining a static position of an antenna of a GNSS rover from
observations of GNSS signals collected at the antenna over
multiple epochs and from correction data for at least one of
the epochs. In accordance with some embodiments of the
invention this comprises: acquiring first-epoch rover obser-
vations of GNSS signals received at the antenna during a first
epoch, obtaining first-epoch correction data for the first
epoch, determining a synchronized rover antenna position for
the first epoch from the first-epoch rover observations and the
first-epoch correction data, acquiring subsequent-epoch
rover observations from the received GNSS satellite signals
for at least one subsequent epoch for which correction data is
unavailable, determining that the antenna position remained
static for at least two static epochs, and determining an
updated rover antenna position from the synchronized rover
antenna position and the subsequent-epoch rover observa-
tions of at least one static epoch of the at least one subsequent
epoch.

The correction data in such methods and apparatus may
comprise at least one of: correction data prepared from obser-
vations of a base station, correction data prepared from obser-
vations of a network of reference stations, and precise orbit
and clock information for satellites broadcasting the GNSS
signals. In accordance with some embodiments, a minimum
number of static epochs is mandated by at least one of: user
input, a minimum occupation time at a survey point, and an
estimated accuracy of the updated rover antenna position. In
accordance with some embodiments, the at least two static
epochs comprise the first epoch and at least one said subse-
quent epoch, and determining an updated rover antenna posi-
tion comprises: for each said subsequent epoch of the static
epochs, determining an unsynchronized rover antenna posi-
tion from the rover observations of the respective subsequent
epoch, and combining (e.g., averaging) the synchronized
rover antenna position with the unsynchronized rover antenna
positions of each subsequent epoch of the static epochs to
obtain the updated rover antenna position.

In accordance with some embodiments, the at least two
static epochs comprise respective said subsequent epochs,
and determining an updated rover antenna position com-
prises: for each said static epoch, determining an unsynchro-
nized rover antenna position change relative to the synchro-
nized antenna position from the rover observations of the
respective subsequent epoch and the rover observations of the
first epoch, and combining (e.g., adding) the synchronized
rover antenna position with the unsynchronized rover antenna
position changes to obtain the updated rover antenna position.

In accordance with some embodiments, determining that
the antenna position remained static for at least two static
epochs comprises: receiving user input designating a static
time interval, and determining that the static epochs are
within the static time interval. In accordance with some
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embodiments, determining that the antenna position
remained static for at least two static epochs comprises
receiving input from a physical sensor comprising at least one
of a contact switch, an inertial sensor, and a motion detector.
In accordance with some embodiments, determining that the
antenna position remained static for at least two epochs com-
prises: determining an unsynchronized rover antenna posi-
tion for each of a plurality of epochs, comparing the unsyn-
chronized rover antenna positions of respective epochs, and
designating said respective epochs as static epochs when the
difference between the unsynchronized rover antenna posi-
tions is less than a predetermined threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and features of the present inven-
tion will be more readily understood from the embodiments
described below with reference to the drawings, in which:

FIG. 1 schematically illustrates a scenario using a GNSS
rover with correction data for point surveying;

FIG. 2 is a block diagram of a typical integrated GNSS
receiver system,

FIG. 3 schematically illustrates a typical stop-and-go point
surveying scenario;

FIG. 4 is flow diagram illustrating a typical prior-art stop-
and-go GNSS surveying method;

FIG. 5 illustrates the time required to survey a point using
the method of FIG. 4;

FIG. 6 is a high-level flow diagram of an improved stop-
and-go survey method in accordance with some embodi-
ments of the invention;

FIG. 71is amore detailed flow diagram of an embodiment of
the “get data” block of FIG. 6;

FIG. 81is amore detailed flow diagram of an embodiment of
the “determine synchronized position” block of FIG. 6;

FIG. 91is amore detailed flow diagram of an embodiment of
the “determine updated position” block of FIG. 6;

FIG. 10 illustrates the time required to survey a point using
amethod in accordance with some embodiments of the inven-
tion;

FIG. 11 is a block diagram of an integrated GNSS receiver
system having improvements in accordance with some
embodiments of the invention; and

FIG. 12 is a flow chart illustrating how delta-phase posi-
tions 915 are computed in accordance with some embodi-
ments of the invention.

DETAILED DESCRIPTION

Overview

FIG. 1 schematically illustrates a scenario using a GNSS
rover with correction data for point surveying. A user 100 has
a rover receiver (rover) 105 which is mounted on a range pole
110 or in some cases is a hand-held unit without range pole.
Rover 105 includes a GNSS antenna 115 and a communica-
tions antenna 120. Rover 105 receives at its GNSS antenna
115 the signals from GNSS satellites 125,130,135, 140, 145,
etc. Rover 105 also receives at its communications antenna
120 correction data from a corrections source 150 via a com-
munications link 155. The communications link is, for
example, a radio link or mobile telephone link, or any other
suitable means of conveying the correction data to the rover
105. The correction data can be of any suitable type for
improving the positioning accuracy of rover 105, such as:
differential base station data from a base station serving as
corrections source 150, or virtual reference station data from
a network of reference stations serving as corrections source
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150 (WAAS is one example), or precise orbits and clocks data
from a Precise Point Positioning (PPP) service (the Canadian
Spatial Reference System (CSRS) is one example) serving as
corrections source 150. In the example of FIG. 1 the tip of the
range pole 110 is placed on a survey point 160 and held in a
level (vertical) position so that the phase center of GNSS
antenna 115 is located over survey point 160.

FIG. 2 is a block diagram of a typical integrated receiver
system 200 with GNSS antenna 115 and communications
antenna 120. Receiver system 200 can serve as rover 105 or as
a base station or reference station. Receiver system 200
includes a GNSS receiver 205, a computer system 210 and
one or more communications links 215. Computer system
210 includes one or more processors 220, one or more data
storage elements 225, program code 230 for controlling the
processor(s) 220, and user input/output devices 235 which
may include one or more output devices 240 such as a display
or speaker or printer and one or more devices 245 for receiv-
ing user input such as a keyboard or touch pad or mouse or
microphone.

The program code 230 is adapted to perform novel func-
tions in accordance with embodiments of the invention as
described below. The integrated receiver system 200 can oth-
erwise be of a conventional type suited for mounting on a
range pole or for hand-held operation; some examples
include the Trimble R8 GNSS, Trimble R7 GNSS, Trimble
R6 GPS and Trimble 5700 surveying systems and the Trimble
GPS Pathfinder Pro XRS system.

FIG. 3 schematically illustrates a typical stop-and-go point
surveying scenario. User 100 places the tip of range pole 110
ona survey point 160, holds the pole level (vertical) so that the
phase center of GNSS antenna 115 is located over the survey
point 160, and provides input (such as pressing a key) to
indicate that the rover antenna is static at the survey point
while maintaining the antenna 115 static until enough data is
collected to achieve the needed accuracy. The user then
repeats the procedure at each of survey points 305, 310, 315,
320, etc., in sequence.

FIG. 4 is flow diagram illustrating a typical prior-art stop-
and-go GNSS surveying method 400. The user starts the
survey at 405 after starting the rover’s GNSS receiver and
waiting until the receiver is initialized (until ambiguities have
been determined). The receiver system typically indicates
when it is initialized and is ready to begin survey operations.
At 410 the rover receives user input (e.g., by the user pressing
a key) that the rover antenna is static at a new survey point. At
425 the rover gets GNSS reference data. At 430 the rover gets
GNSS rover data. At 435 the reference data and rover data are
synchronized (matched) epoch by epoch for processing. At
440, epochs of synchronous reference and rover data are
processed and an averaged rover antenna position is deter-
mined over the collected epochs. At 445 a check is made
whether enough synchronous positions have been averaged at
this survey point to achieve the needed position accuracy. If
no, then a next epoch is started at 415 for this survey point. If
yes, then the averaged position for this survey point is
reported, typically by storing the averaged position and dis-
playing it for the user. At 455 a check is made whether all
survey points have been completed. If no, the user is signaled
to occupy a new survey point at 410. If yes, then the survey
ends at 460.

FIG. 5 illustrates the time required to survey a point using
the method of FIG. 4. During a “go” period 505 the rover is
moving. At time t, the rover antenna is placed on the survey
point and the user indicates that the antenna is static, such as
by pressing a key. A “stop” period 510 begins at time t,.
During “stop” period 510 the rover antenna must be held
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stationary while the rover acquires GNSS data, receives syn-
chronous correction data, and processes enough synchronous
epochs to achieve the desired position accuracy. For the rover
to process data it acquires at epoch to it must wait for the
matching-epoch corrections during a latency period indicated
at515—the time needed for the correction data for epoch t, to
be prepared at the source and transmitted to the rover. Then
the rover requires a finite processing time as indicated at 520
to match the rover and reference data for epoch t, and com-
pute a position for that epoch. In the example of FIG. 5, the
latency period 515 and processing time 520 amount to about
314 epochs, and five epochs of data are to be averaged for the
survey point. The “stop” period during which the user must
hold the rover antenna stationary is thus 8% epochs in this
example. A typical correction data rate is 1 Hz (1 epoch per
second), in which case the minimum “stop” period for this
example is 8.5 seconds plus any user delay. When enough
epochs of synchronous data have been averaged, the next
“go” period 525 is signaled to the user, who can then move the
rover to the next survey point.

Several time-consuming factors are involved in measuring
a static point in a stop-and-go survey with a GNSS rover
receiver: (1) waiting for reference data to arrive at the rover to
compute the rover’s antenna position using reference data
which is synchronized with data collected by the rover during
static occupation of the survey point; (2) waiting for a
required number of epochs of GNSS data to be collected by
the rover during static occupation of the survey point; (3)
leveling the range pole, if any, on which the rover is mounted
and keeping the rover static while pressing a “measure” or
“register” button to indicate to the rover the data to be used in
computing the rover’s antenna position, and (4) assuring that
only static data is used in computing the rover’s antenna
position or repeating the survey of the point if this was not
done correctly.

As to point (1), some embodiments in accordance with the
invention employ a delta phase technique for processing of
static points in GNSS survey, avoiding the need to wait for
reference data to arrive at the rover while the rover is static.
The processing has similarities to low-latency kinematic
positioning, but is modified to meet the needs of static-point-
survey applications.

As to point (2), some embodiments in accordance with the
invention employ a higher update rate for the rover data than
for the reference data. This does not reduce the accuracy of
the computed position because a real convergence does not
occur even with a few epochs of the 1 Hz update rate typical
of the prior art.

As to point (3), some embodiments, in accordance with the
invention provide for improved workflows for surveys of
large numbers of static points.

As to point (4), some embodiments in accordance with the
invention provide for automatic detection of which data was
collected while the rover antenna was static.

Principles of Static Delta Phase

Some embodiments in accordance with the invention use
low-latency processing with delta-phase derived from rover
data having a higher update rate than the reference data. As
soon as the point occupation period has started (efficient ways
to determine this are described below), the high update-rate
delta-phase derived position updates with respect to the last
known synchronized data epoch are accumulated. The last
synchronized position does not have to come from a static
part of the survey. The high update rate of the rover data
assures that any imposed minimum number of epochs is
quickly met. Slowly changing errors such as due to multipath
are not mitigated even by prior-art methods which average
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only a few seconds of synchronous data; random (white)
noise is, however, effectively averaged over the imposed
minimum number of epochs of high-update rate delta-phase
derived position updates.

FIG. 6 is a high-level flow diagram of an improved stop-
and-go survey method 600 in accordance with some embodi-
ments of the invention. The user starts the survey at 605 after
starting the rover’s GNSS receiver and waiting until the
receiver is initialized (until ambiguities have been deter-
mined). The receiver system typically indicates when it is
initialized and is ready to begin survey operations. At 610 the
process continuously gets data, as explained in more detail
with reference to FIG. 7. At 615 the data is checked to deter-
mine whether synchronous rover data and reference data is
available for an epoch. If yes, then at 620 a high-latency
synchronous rover position 625 is determined for the epoch,
as explained in more detail with reference to FIG. 8. If no,
then at 630 a low-latency updated position 635 is determined,
as explained in more detail with reference to FIG. 9.

FIG. 7 is amore detailed flow diagram of an embodiment of
the “get data” block 610 of FIG. 6. At 705 a next message is
retrieved from memory. At 710 a check is made whether the
message is a control message. If yes, then at 715 the control
message is handled. If no, then a check is made at 717 whether
the message is a correction 10 message. If no, then it is
determined to be rover data 720. If yes, then it is determined
to be correction data 725, and the flow continues to FIG. 8 and
FIG. 9.

FIG. 8 is amore detailed flow diagram of an embodiment of
the “determine synchronized position” block 620 of FIG. 6.
At 805 rover data 720 and correction data are prepared as
synchronized corrected data 830. In particular, at 810 rover
data 720 and correction data 725 are stored for possible syn-
chronization. At 815 a check is made whether matching-
epoch rover data and correction data are available. If no, the
flow passes to block 705 to retrieve the next message. If yes,
the matched rover and correction data 820 are passed to block
825 where the synchronized corrected data 830 are prepared.
At 835 the synchronized corrected data 830 are used in pri-
mary precise processing to determine a synchronized position
840. At 845 the latest synchronized position 850 is stored for
further use. At 855 the latest synchronized position 850 is
optionally reported, e.g., stored and/or displayed or otherwise
provided to the user. The flow then passes to block 705 to
retrieve the next message.

FIG.9is amore detailed flow diagram of an embodiment of
the “determine updated position” block 635 of FIG. 6. At 905
rover data 720 is used to compute a latest delta phase position
910. At 915 a check is made whether the rover data used to
compute the latest delta phase position is static data (data
collected while the rover antenna was static). (Various meth-
ods of determining whether data are to be considered static
data are discussed below.) If no, then at 920 the latest delta
position is added to the latest synchronized position 850 to
produce a low-latency kinematic position 925. At 930 the
low-latency kinematic position is optionally reported, e.g.,
stored and/or displayed or otherwise provided to the user. The
flow then passes to block 705 to retrieve the next message. If
at 915 the rover data is found to be static data, then at 940 the
delta position data 945 since the last synchronized position
850 is accumulated. At 950, the accumulated delta position
data 945 is combined with the last synchronized position 850
to obtain an updated low-latency static position 955. The
updated low-latency static position 955 is reported at 960,
e.g., stored and/or displayed or otherwise provided to the user.
The flow then passes to block 705 to retrieve the next mes-
sage.
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Combining the accumulated delta position data 945 with
the last synchronized position 850 at 950 can take different
forms. For example, if the last synchronized position 850 is a
static rover antenna position (e.g., a “stop” period for the
rover), then the accumulated delta position data 945 is aver-
aged with the last synchronized position 850 to obtain the
updated low-latency static position 955. For example, if the
last synchronized position 850 is not a static rover antenna
position (a “go” period for the rover), then the accumulated
static delta position data 945 is averaged (over the “stop”
period for the rover) and added to the last synchronized posi-
tion 850 to obtain the updated low-latency static position 955.

In some embodiments, the static occupation periods are
simply averaged using the covariance information coming
from the delta-phase process and from the synchronous
epoch’s evaluation. In other embodiments, the accumulation
is run inside the delta-phase filter. Kinematic processing is
favored for motion detection as discussed below.

FIG. 10 illustrates the time required to survey a point using
amethod in accordance with some embodiments of the inven-
tion. During a “go” period 1005 the rover is moving. During
the “go” period the rover operates in kinematic mode, match-
ing locally-acquired rover data with correction data to com-
pute synchronous positions, albeit with a latency 1015 due to
delayed arrival of the corrections and the required processing
time 1020. In the example of FIG. 10 the overall delay to
compute a synchronous rover position for epoch t,—x is
shown as 3'% epochs, comparable to the delay encountered
for each synchronous position in the example of FIG. 5, but
different in that the delay occurs during the “go” period so
that this delay does not require the user to wait. At time t, the
user places the rover antenna over the survey point and the
static point rover data collection begins. Using a static delta
phase technique in accordance with embodiments of the
invention, static position updates are prepared from rover data
collected during this “stop” period 1010, and the updates are
then combined with the latest synchronous rover position,
e.g., for epoch t,—x. The result is a static point position aver-
aged over a required number of epochs t,, t,+0.1, t,+0.2,
t,+0.3, t,+0.4, t,+0.5. These epochs are determined by the
rate at which the rover collects data locally, rather than by the
much lower rate at which correction data is received. For
example, the rover data rate may be at 10 Hz, 20 Hz or even 50
Hz, while the correction data is typically received at 1 Hz.
Thus the required number of epochs to achieve the desired
position accuracy are available in a much shorter time. Fur-
ther, the processing time to prepare the updates is less than the
processing time to prepare synchronous positions, and can be
carried out in part or in whole during the subsequent “go”
period 1025. User time is saved by (1) determining synchro-
nous position in kinematic mode in the “go” period while the
user is moving from one survey point to the next, (2) using
higher-rate rover data to compute delta-phase updates during
the “stop” period, and (3) combining the delta-phase updates
accumulated during the “stop” period with the synchronous
position determined during the preceding “go” period to
obtain a static point position averaged over multiple rover-
observation epochs, preferably during the subsequent “go”
period. The result is a considerable saving of user time over a
survey of many points.

Consider for example a scenario with reference data being
broadcast at one epoch per second with a typical latency of 2
seconds and four epochs of data required for each point mea-
surement. In this scenario the prior-art method would require
five seconds from start of point measurement to storing the
resulting position. In contrast, the static delta-phase method
of embodiments of the present invention would only require
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0.3 seconds plus any latency introduced by controller soft-
ware and user interaction. For a topographic survey of 1000
points, more than an hour of waiting time can be eliminated
for the user. Methods which reduce the user interaction and
controller delays are discussed below.

Automatic Selection of Best Result from Available Syn-
chronous and Delta-Phase Results

For a static point occupation, typically the criteria to finish
the point measurement are dictated by a combination of
desired position accuracies and the number of synchronous
epochs of data to be collected while the antenna is static. In
prior-art survey equipment, that decision is taken by the con-
troller software.

In some embodiments of the invention, if the accuracy of
the static delta-phase positioning does not meet the conver-
gence criteria before the reference data for the epoch of the
first static point rover data arrives, the position processing
automatically switches to the slightly more accurate synchro-
nized processing of the prior art. This assures the fastest
possible position determination while assuring the maximum
required accuracy.

Automatic Detection of Static Occupation Parts

The prior-art work flow for a point measurement is: the user
positions the range pole over the point to be measured, levels
the range pole, holding it stable while pressing a controller
key to indicate the intention to measure a point and waits for
the controller to report successful measurement while still
holding the rod perfectly motionless.

Two problems arise from this prior-art work flow: first, it is
not that easy for an unskilled user to hold the rod while
pressing a key on the controller; second, for various reasons
the range pole might be held static during the whole measure-
ment period. Especially for mapping and GIS data, many data
sets show a mismatch between static occupations and the
information entered by the user pressing the key.

A prior-art method of operating an RTK system automati-
cally detects which data is collected while the rover antenna is
static; the method uses delta-phase kinematic positioning to
detect “pole wobble,” but with a fairly relaxed threshold. If
the test fails, the user is prompted to repeat the measurement.
In Mapping and GIS applications—due to the higher error
rate caused by more inexperienced users—TIrimble’s “H*”
post processing looks for the longest static period within a
part of the data reported as static by the user. However, the
data is just rejected from static point measurement instead of
fixing the data for the user. See “Fast Decimeter-Level GNSS
Positioning,” Patent Application Publication US 2008/
0165053 dated Jul. 10, 2008 and U.S. patent application Ser.
No. 12/321,843 filed Jan. 26, 2009.

In accordance with some embodiments of the invention,
productivity is improved in that the user is not required to
re-measure the point as long as a period of rover data suffi-
cient for the required position accuracy is collected while the
rover antenna is static. In accordance with some embodi-
ments of the invention, the user does not have to take care of
this at all so that the whole point measuring process is accel-
erated: the user just has to make sure to hold the range pole
leveled and static for awhile, and the rover’s processor will
determine whether enough static data has been collected to
meet the accuracy requirement.

FIG. 11 is a block diagram of an integrated GNSS receiver
system 1100 having improvements in accordance with some
embodiments of the invention. Aspects ofthe system 1100 are
discussed below with reference to workflow improvements
which save user time during a static point survey. System
1100 is comparable to that of FIG. 2, except that the program
code is modified to cause the processor(s) to carry out the
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functions described herein. In addition, range pole 1110 is
modified by the addition of elements in communication with
the processor(s) to perform additional functions described
herein.

In some embodiments of the invention, range pole 1110 is
equipped with an optional sensor or switch 1120 in commu-
nication with and providing an indication to one or more of
processor(s) 220 upon user activation, e.g., by pressing a
button or key or touching a capacitive sensor or equivalent. In
some embodiments of the invention, range pole 1110 is
equipped at or near its lower end with an optional sensor or
switch 1130 in communication with and providing an indica-
tion to one or more of processor(s) 220 when the tip of the
range pole is placed on a survey point, e.g., is placed at a point
on the ground. In some embodiments of the invention, range
pole 1110 is equipped with a motion sensor or inertial sensor
1150 in communication with and providing an indication to
one or more of processor(s) 220 when the upper end of the
range pole is moved and/or the range pole is tilted. In some
embodiments of the invention, range pole 1110 is equipped
with one or more tilt sensors 1150 in communication with and
providing an indication to one or more of processor(s) 220
when the range pole is tilted from vertical and/or when the
range pole is held vertical and/or near vertical. An example of
arange pole equipped with a tilt sensor and GPS antenna and
receiver is described in U.S. Pat. No. 5,512,905. In some
embodiments of the invention, range pole 1110 is equipped
with audible and/or visible and/or vibration indicators 1160
in communication with and receiving indications from one or
more of processor(s) 220 to provide information in a manner
detectible by the user, e.g., through visual and/or audible
and/or vibratory signals.

Button-Press Registering After the Measurement

In accordance with some embodiments of the invention,
e.g., using the techniques mentioned in the previous para-
graphs, a point measurement button such as switch or sensor
1120 is pressed by the user after the point occupation is done.
The range pole does not have to be held static when the user
operates the controller (e.g., when the user presses the point-
measurement button or key or provides equivalent user input
indicated the intended end of the point occupation). In some
embodiments of the invention, any accidental point registra-
tion is avoided by the user just not pressing the associated key
at the controller.

Automatic Measurement without User Button Press with
the Possibility of Canceling

In accordance with some embodiments of the invention,
static point measurements are automatically registered when
the rover antenna is held static. If the rover is mounted on a
range pole, for example, additional tilt sensor(s) 1150 are
provided in accordance with some embodiments of the inven-
tion to make this detection more reliable. After collecting
enough static data for the required accuracy, the data for the
point is stored and some kind of feedback is issued to the user,
e.g., via display 240 and/or indicator(s) 1160. If the user did
not intend to measure a point, he can press a cancel button,
e.g., activating switch or sensor 1120. That way, user inter-
action is only required for the more rare cases of accidental
measurement of a point instead of the frequent default action
that the whole session is about: measuring points.

Using a Switch at the Tip of the Range Pole

In accordance with some embodiments of the invention,
detecting the user’s intention to measure a point is improved
by placing a sensor or switch 1130 on or near the tip of the
range pole, for example a micro switch or a strain gage. This
issues a signal to the rover whenever the range pole touches
the ground, for example. Such a sensor tip, together with
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automatic detection of which data was collected while the
rover antenna was static, greatly reduces the possibility of
accidental point measurement. Some embodiments of the
invention add tilt sensors 1150 and/or INS (inertial navigation
system) 1140 support to further reduce the possibility of
accidental point measurement.

Using a Tilt Sensor to Detect the Intention to Measure a
Point

Some embodiments in accordance with the invention pro-
vide one or more tilt sensors 1150 to indicate the user’s
intention to measure a point, such as when the range pole is
within a given limit of tilt angle. Some embodiments use only
that data for point measurements which is collected by the
rover when the range pole is within a given limit of tilt angle.
In accordance with some embodiments, the measurement
process at a point is started when the user levels the range pole
(moves it to a vertical position) and holds it static to indicate
a“‘stop” period of the survey. The user avoids accidental point
measurements by slightly tilting and/or moving the range
pole during the “go” periods of the survey. If that fails, the
cancel process described above can be the final means to
avoid spurious point registrations.

Using “Gestures” to Detect the Intention to Measure a
Point

Similar to the advanced user interfaces of modern mobile
devices like the iTouch and iPhone, in accordance with some
embodiments of the invention a motion and/or inertial sensor
1140 is built into the range pole or the rover so that the user
can communicate his intentions to the controlling software by
gestures. Instead of pressing any buttons, the user indicates
the action to be taken by moving the rover or the range pole in
a certain pattern.

For example, a quick circular movement of the range pole
before or after point measurement can indicate the intention
to register a static point. A cross-like motion can be used to
cancel an action, etc.

Audio and/or Visible Feedback of the Measurement Status
Information

With all methods mentioned above it becomes even more
important to get a clear feedback from the controller about the
actions performed, e.g., via indicator(s) 1160. In some
embodiments of the invention this is provided by audible
signals (different kinds of “beeps” or voice output for differ-
ent actions such as point registered, point cancelled, point
failure) or visible signals such as information on a display
screen or lights, e.g., a traffic light display (green, yellow, red)
at a location easily visible to the user.

Additional Considerations

Correction Data

There are many error sources that affect a single GNSS
receiver including: satellite clock, satellite ephemeris, and
atmospheric.

The aforementioned error sources limit the accuracy with
which a single GNSS receiver can determine absolute posi-
tion with respect to the earth. The GNSS error sources are
highly spatially correlated, which means that receivers oper-
ating within the same region as each other will see nearly
identical satellite and atmospheric errors. This has given rise
to the differential GNSS positioning techniques whereby one
or more base stations track GNSS satellites in view and pro-
duce corrections that are distributed to rover GNSS receivers
tracking common satellites.

Correction data as referenced herein may comprise: single
base corrections, Virtual Reference Station (network) correc-
tions, or precise orbit and clock corrections.

A single base is the simplest approach in which a GNSS
reference station is placed at a known location and used to
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track pseudorange and phase data to all satellites in view. The
pseudorange and phase observation data is then transmitted at
regular epochs (say at 1 Hz) to one or more rover receivers in
the vicinity of the base. The further the rover receivers are
away from the base, the greater the decorrelation in the sat-
ellite and atmospheric errors and hence the worse the accu-
racy of the derived rover position estimates. It is generally
accepted that for cm-level work, the base-rover separation
should be limited to 50 km. An example of a single-base RTK
system can be found in U.S. Pat. No. 5,519,620—Centimeter
accurate Global Positioning System receiver for on-the-fly
real-time kinematic measurement and control, Talbot, et. al.

The Virtual Reference Station technique has been devel-
oped to overcome some of the limitations of single-base RTK.
A network of GNSS base stations is established over a county,
province, state or nation, with say 70 km inter-base spacings.
GNSS pseudorange and carrier phase data from all satellites
tracked at the base stations is communicated to a centralized
processing center in real-time. Satellite and atmospheric cor-
rection models are then generated by the VRS server and are
interpolated for each rover operating within the network.
Eachrover is provided with synthetic pseudorange and carrier
phase data at regular epochs (say at 1 Hz-10 Hz) for a virtual
reference station operating in close proximity to the rover. At
least twenty-two Trimble VRS networks have been estab-
lished in countries around the world. A current listing is
available on Trimble’s website at http://www.trimble.com/
infrastructure/vrs-installations.aspx.

GNSS satellite clock and orbital errors can be estimated
using global tracking networks such as that maintained as part
of the International GNSS Service (IGS). The Jet Propulsion
Laboratory (JPL) use a global ground network of GNSS base
stations to track each satellite and subsequently produce very
precise GNSS satellite orbital and clock information. Pre-
dicted satellite clock and orbital information is then distrib-
uted in real-time to GNSS rovers so that they can correct their
satellite observations and therefore produce decimeter-level
position estimates within a global context. The impact of
ionospheric errors are essentially removed at the rover GNSS
receiver by making use of iono-free dual-frequency pseudo-
range and carrier phase observations. Residual tropospheric
errors are estimated by the rover equipment.

Prepare Data

In accordance with some embodiments, the prepare data
component 805 shown in FIG. 8 involves the following steps:
(1) Storage (buffering) of rover epoch GNSS observation
data, (2) Time-synchronization of reference and rover epoch
GNSS observation data once the reference data is received,
(3) Application of antenna correction models to base and
rover observations, (4) Formation of single- (between base/
rover) difference pseudorange and carrier phase observations
for each GNSS frequency band, (5) Application of tropo-
spheric correction models to single-difference observations,
(6) Application of ionospheric correction models to single-
difference observations, (7) Form linear combination(s) of
carrier phase and pseudorange observations for each satel-
lite—e.g. form single-difference iono-free carrier phase com-
bination, single-difference narrow-lane pseudo-range combi-
nation, etc. The linear combinations possess certain
important characteristics that are exploited during the posi-
tion calculations. For example iono-free combinations are
essentially free of ionospheric bias.

Single-differencing of GNSS observations helps to reduce
the impact of satellite dependent error sources. Satellite clock
errors are essentially removed by single-difference formation
between base and rover receiver data which was collected at
the same time instant (epoch).
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Primary Precise Positioning

Delta phase techniques provide a method for determining
the change in position that has occurred over a time interval of
seconds up to tens of minutes. Delta phase position changes
are therefore combined with an underlying (primary precise)
positioning technique in order to obtain the absolute earth-
centered, earth-fixed coordinates of the rover. The accuracy of
the delta phase position estimates is therefore reliant on the
quality of the primary precise positioning technique. Hence

5

the primary precise positioning technique generally involves 10

rigorous modeling of measurement error sources plus the
resolution of the GNSS carrier phase ambiguities. Many
examples are known the art, including those described in U.S.
Pat. No. 7,432,853, U.S. Pat. No. 7,312,747, Patent Applica-
tion Publication US 2008/0165055, Patent Application Pub-
lication US 2008/0165054, International Patent Publication
WO 2007/032947, Patent Application Publication US 2009/
0027264, Patent Application Publication US 2008/0165053,
U.S. patent application Ser. No. 12/321,843, filed Jan. 26,
2009, U.S. patent application Ser. No. 12/291,888, filed Nov.
14, 2008, International Patent Publication WO 2009/000314,
U.S. patent application Ser. No. 12/319,623, filed Jan. 8§,
2009, International Patent Application No. PCT/US2008/
012045, with international filing date 23 Oct. 2008, and U.S.
Provisional Application for Patent 61/189,382, 19 Aug. 2008.

Delta Phase

A detailed description of delta phase processing can be
found in Traugott, J, et. al, 2008, Making a Difference with
GPS, GPS World, May 1.

GNSS carrier phase observations provide precise (mm-
level) measurements of the user-satellite range (distance). A
significant complication with carrier phase observations is
that they contain an inherent ambiguity term which arises
from not knowing exactly how many whole carrier cycles
there were between user and satellite at the start of carrier
tracking. Consider the following simplified GNSS carrier
phase observation equation:

O (O=R () hn,

Where:

¢,°(t) carrier phase observation for receiver r, satellite s, at
epoch t;

R,’(t) geometric range from receiver r, to satellite s, at
epoch t, which is related to the satellite position [x°(t),
v (1), °(t)] and receiver position [x,(t), y,(1), z,(t)], via:

M

B0 = V0 -5, 0F + [0 - 3,0 + [0 - .0 @

A wavelength of the carrier,
n,” integer carrier phase ambiguity term for satellite s and
receiver r.

The satellite coordinates contained in the range term R *(t)
are given by the satellite ephemeris and the carrier wave-
length is a constant, hence the only unknown quantity in (1) is
the carrier phase ambiguity term. Once the carrier phase
ambiguity is known, the user position can be directly esti-
mated with carrier phase observations from multiple satel-
lites.

Delta phase is obtained by time-differencing carrier phase
observations as explained by the simplified model below:

80,(2)=0,"(0)=9,"(10)=[R,"(#)-R . (t)/ 3

The delta phase observations are constructed in (3) over the
time interval t,—t,, where t, is the reference epoch. Reference
epochs can be conveniently taken as even (1 Hz) times. When
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carrier-phase tracking is continuous, the carrier phase ambi-
guity term is constant, hence it is omitted from (3). Again
assuming that the satellite position is known (based on the
satellite ephemeris), then the only unknown quantity in (3) is
the change in user position over t,-t,, contained in the range
terms. In practice, the receiver clock drift must also be esti-
mated during delta phase processing, hence the delta phase
observations are a function of the change in user location and
receiver clock drift:

d(1;)=dx, dy, oz, d1)

Where:

Ox, dy, 0z the change in user position (given in terms of
Cartesian coordinates) over the delta phase time inter-
val,

Ot the drift in the receiver clock over the delta phase time
interval,

A minimum of four independent satellite delta phase
observations is required to estimate the unknown quantities.
The following linearized matrix measurement model can be
used in the estimation process:

Q)

l+v=Ax 5)
or' oft or'
8¢ (1) v de dy2 dzz Adx(1y)
2 2 af” 9f” of AS
3¢°(n1) AV - 1 Y1)
Adz(y)
i . N
awa) ] 1] e aps g o)
dx dy dz
Where:

1 (sx1) vector of delta phase observations

v (sx1) vector of residuals,

A (sx4) design matrix,

X (4x1) state vector

3f'/dx partial derivative of the delta phase observation for

satellite 1, with respect to the change in user coordinate
X, (with like definitions for y & z coordinates)
Adx (t;) correction to x coordinate change for epoch t,,
(with like definitions for y & z coordinates),
Adt (t,) correction to the receiver clock drift term for epoch
b
The unknown quantities can be estimated via well known
least squares or Kalman filtering techniques.

Combination of Delta Phase Positions

FIG. 12 is a flow chart illustrating how delta-phase posi-
tions 915 are computed at 905 in accordance with some
embodiments of the invention. At 1205 a check is made
whether is current epoch is a reference (synchronized-posi-
tion) epoch. If yes, then the carrier-phase observations of
rover data 720 for observed satellites at the current epoch are
buffered for use at 1215. If no, then at 1215 a difference is
formed between the current-epoch carrier-phase rover obser-
vations and the reference-epoch carrier-phase rover observa-
tions. At 1220 the difference formed at 1215 is used to com-
pute the change in rover Position between the last reference
epoch and the current epoch, and this is provided at the latest
delta position.

Any plurality of the above described aspects of the inven-
tion may be combined to form further aspects and embodi-
ments, with the aim of providing additional benefits notably
in terms of surveying efficiency and/or system usability.
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Above-described apparatuses and their embodiments may
be integrated into a rover, a reference receiver or a network
station, and/or the processing methods described can be car-
ried out in a processor which is separate from and even remote
from the receiver/s used to collect the observations (e.g.,
observation data collected by one or more receivers can be
retrieved from storage for post-processing, or observations
from multiple network reference stations can be transferred to
anetwork processor for near-real-time processing to generate
a correction data stream and/or virtual-reference-station mes-
sages which can be transmitted to one or more rovers). There-
fore, the invention also relates to a rover, a reference receiver
or a network station including any one of the above appara-
tuses.

In some embodiments, the receiver of the apparatus of any
one of the above-described embodiments is separate from the
filter and the processing element. Post-processing and net-
work processing of the observations may notably be per-
formed. That is, the constituent elements of the apparatus for
processing of observations does not itself require a receiver.
The receiver may be separate from and even owned/operated
by a different person or entity than the entity which is per-
forming the processing. For post-processing, the observa-
tions may be retrieved from a set of data which was previously
collected and stored, and processed with reference-station
data which was previously collected and stored; the process-
ing is conducted for example in an office computer long after
the data collection and is thus not real-time. For network
processing, multiple reference-station receivers collect
observations of the signals from multiple satellites, and this
data is supplied to a network processor which may for
example generate a correction data stream or which may for
example generate a “virtual reference station” correction
which is supplied to a rover so that the rover can perform
differential processing. The data provided to the rover may be
ambiguities determined in the network processor, which the
rover may use to speed its position solution, or may be in the
form of corrections which the rover applies to improve its
position solution. The network is typically operated as a ser-
vice to rover operators, while the network operator is typi-
cally a different entity than the rover operator.

Any of the above-described methods and their embodi-
ments may be implemented by means of a computer program.
The computer program may be loaded on an apparatus, a
rover, a reference receiver or a network station as described
above. Therefore, the invention also relates to a computer
program, which, when carried out on an apparatus, a rover, a
reference receiver or a network station as described above,
carries out any one of the above above-described methods and
their embodiments.

The invention also relates to a computer-readable medium
or a computer-program product including the above-men-
tioned computer program. The computer-readable medium or
computer-program product may for instance be a magnetic
tape, an optical memory disk, a magnetic disk, a magneto-
optical disk, a CD ROM, a DVD, a CD, a flash memory unit
or the like, wherein the computer program is permanently or
temporarily stored. The invention also relates to a computer-
readable medium (or to a computer-program product) having
computer-executable instructions for carrying out any one of
the methods of the invention.

The invention also relates to a firmware update adapted to
be installed on receivers already in the field, i.e. a computer
program which is delivered to the field as a computer program
product. This applies to each of the above-described methods
and apparatuses.
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GNSS receivers may include an antenna, configured to
received the signals at the frequencies broadcasted by the
satellites, processor units, one or more accurate clocks (such
as crystal oscillators), one or more computer processing units
(CPU), one or more memory units (RAM, ROM, flash
memory, or the like), and a display for displaying position
information to a user.

Where the terms “receiver”, “filter” and “processing ele-
ment” are used herein as units of an apparatus, no restriction
is made regarding how distributed the constituent parts of a
unit may be. That is, the constituent parts of a unit may be
distributed in different software or hardware components or
devices for bringing about the intended function. Further-
more, the units may be gathered together for performing their
functions by means of a combined, single unit. For instance,
the receiver, the filter and the processing element may be
combined to form a single unit, to perform the combined
functionalities of the units.

The above-mentioned units may be implemented using
hardware, software, a combination of hardware and software,
pre-programmed ASICs (application-specific integrated cir-
cuit), etc. A unit may include a computer processing unit
(CPU), a storage unit, input/output (I/O) units, network con-
nection units, etc.

Although the present invention has been described on the
basis of detailed examples, the detailed examples only serve
to provide the skilled person with a better understanding, and
are not intended to limit the scope of the invention. The scope
of the invention is much rather defined by the appended
claims.

The invention claimed is:
1. A method of determining a static position of an antenna
of'a rover from observations of GNSS signals collected at the
antenna over multiple epochs and from correction data for at
least one of the epochs, comprising:
acquiring, using the antenna of'the rover, a first observation
of GNSS signals received at the antenna during a first
epoch, wherein the rover is at a first position;

obtaining first correction data, wherein the first correction
data correlates to the first epoch;

determining a first calculation of the position of the rover

for the first epoch from the first observation and the first
correction data;
acquiring, using the antenna of the rover, a second obser-
vation of GNSS signals received at the antenna during a
second epoch, wherein:
correction data is unavailable for the second epoch; and
the rover is at a second position;
acquiring, using the antenna of the rover, a third observa-
tion of GNSS signals received at the antenna during a
third epoch, wherein the rover is at the second position;

determining that the antenna remained static for the second
epoch and the third epoch; and

determining a second calculation of the position of the

rover by combining the first calculation of the position of
the rover with a calculated difference between the sec-
ond position and the first position, after determining that
the antenna remained static for the second epoch and the
third epoch, wherein the calculated difference between
the second position and the first position is determined
based on the second observation and the third observa-
tion.

2. The method of claim 1, wherein the first correction data
comprises at least one of: correction data prepared from
observations of a base station, correction data prepared from
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observations of a network of reference stations, and precise
orbit and clock information for satellites broadcasting the
GNSS signals.

3. The method of claim 1, wherein a minimum number of
static epochs is mandated by at least one of: (1) user input, (2)
a minimum occupation time at a survey point, and (3) an
estimated accuracy of the second calculation of the position
of the rover.

4. The method of claim 1, wherein:

the method further comprises acquiring one or more addi-

tional observations of GNSS signals received at the
antenna during one or more additional epochs;

the rover is at the second position for the one or more

additional epochs; and

determining the second calculation of the position of the

rover further includes combining the one or more addi-
tional observations with the second observation and the
third observation.

5. The method of claim 4, wherein combining comprises
averaging.

6. The method of claim 1, wherein determining the second
calculation of the position of the rover comprises:

determining a first rover position change relative to the first

calculation of the rover position based on the second
observation;

determining a second rover position change relative to the

first calculation of the rover position based on the third
observation;

averaging the first rover position change with the second

rover position change to get the calculated difference
between the second position and the first position.

7. The method of claim 6, wherein combining comprises
adding.

8. The method of claim 1, wherein determining that the
antenna remained static for the second epoch and the third
epoch comprises:

receiving user input designating a static time interval, and

determining that the second epoch and the third epoch are

within the static time interval.

9. The method of claim 1, wherein determining that the
antenna remained static for the second epoch and the third
epoch comprises receiving input from a physical sensor com-
prising at least one of: a contact switch, an inertial sensor, and
a motion detector.

10. The method of claim 1, wherein determining that the
antenna remained static for the second epoch and the third
epoch comprises:

determining a first location of the rover based on the second

observation;

determining a second location of the rover based on the

third observation;

comparing the first location with the second location; and

designating the second epoch and the third epoch as static

epochs because a difference between the first location
and the second location is less than a predetermined
threshold.

11. The method of claim 1, wherein determining the second
calculation of the position of the rover comprises:

forming a difference between carrier-phase rover observa-

tions of the second observation and carrier-phase rover
observations of the first observation.

12. A surveying system for determining a position of a
rover from observations of GNSS signals collected at an
antenna over multiple epochs and from correction data for at
least one of the epochs, comprising:
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a rover body;
a receiver coupled with the rover body and configured to:
acquire, using the antenna, a first observation of GNSS
signals received at the antenna during a first epoch,
wherein the rover is at a first position;

acquire, using the antenna, a second observation of
GNSS signals received at the antenna during a second
epoch, wherein:
correction data is unavailable for the second epoch;

and

the rover is at a second position; and

acquire, using the antenna, a third observation of GNSS
signals received at the antenna during a third epoch,
wherein the rover is at the second position;

the antenna coupled with the receiver;

a data link coupled with the rover body and configured to
obtain first correction data provided by a correction
source, wherein:
the first correction data correlates to the first epoch; and
the correction source is separated by a distance from the

rover body; and
one or more processors configured to:
determine a first calculation of the position of the rover
for the first epoch from the first observation and the
first correction data; and

determine a second calculation of the position of the
rover by combining the first calculation of the position
of the rover with a calculated difference between the
second position and the first position, after determin-
ing that the antenna remained static for the second
epoch and the third epoch, wherein the calculated
difference between the second position and the first
position is determined based on the second observa-
tion and the third observation.

13. The system of claim 12, wherein the data link is opera-
tive to obtain at least one of: correction data prepared from
measurements of GNSS signals received at an antenna of a
base station receiver, correction data prepared from measure-
ments of GNSS signals received at respective antennas of
reference station receivers of a network of reference stations,
and precise orbit and clock information defining physical
orbits of satellites broadcasting the GNSS signals and defin-
ing clock parameters of clocks of the satellites.

14. The system of claim 12, wherein the one or more
processors is operative to define a minimum number of static
epochs by at least one of: (i) receiving input from a user, (2)
measuring a minimum occupation time of the rover at a
survey point, and (3) determining a minimum estimated accu-
racy of observations of GNSS signals.

15. The system of claim 12, wherein determining the sec-
ond calculation of the position of the rover comprises:

determining a first rover position change based on the
second observation;

determining a second rover position change relative to the
first calculation of the rover position based on the third
observation; and

combining the first rover position change with the second
rover position change to get the calculated difference
between the second position and the first position.

16. The system of claim 15, wherein combining comprises

averaging.

17. The system of claim 15, wherein combining the first
calculation of the rover position with the calculated difter-
ence between the second position and the first position com-
prises adding.
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18. The system of claim 12, wherein the receiver is opera-
tive to determine that the antenna position remained static for
at least two static epochs by:

receiving user input designating a static time interval, and

determining that the static epochs are within the static time

interval.

19. The system of claim 12, wherein the receiver is opera-
tive to determine that the antenna remained static for at least
two static epochs using input from a physical sensor compris-
ing at least one of: a contact switch, an inertial sensor, and a
motion detector.

20. The system of claim 12, wherein the receiver is opera-
tive to determine that the antenna remained static for at least
two epochs by:

determining a first location of the rover based on the second

observation;

determining a second location of the rover based on the

third observation;

comparing the first location with the second location; and

designating the second epoch and the third epoch as static

epochs because a difference between first location and
the second location is less than a predetermined thresh-
old.

21. The system of claim 12, wherein the one or more
processors is configured to determine the second calculation
of the position of the rover by:

forming a difference between carrier-phase rover observa-

tions of the second observation and carrier-phase rover
observations of the first observation.

22. A memory device having instructions, for determining
a position a rover from observations of GNSS signals col-
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lected at the antenna over multiple epochs and from correc-
tion data for at least one of the epochs, that when executed
cause one or more processors to:
acquire a first calculation of the position of the rover for a
first epoch from:

a first observation of GNSS signals received at the
antenna during the first epoch, wherein the rover is at
the first position; and

first correction data, wherein the first correction data
correlates to the first epoch;

acquire a second observation of GNSS signals received at
the antenna during a second epoch, wherein:
correction data is unavailable for the second epoch; and
the rover is at a second position;

acquire a third observation of GNSS signals received at the
antenna during a third epoch, wherein the rover is at the
second position;

determine that the antenna remained static for the second
epoch and the third epoch; and

determine a second calculation of the position of the rover
by combining the first calculation of the position of the
rover with a calculated difference between the second
position and the first position, after determining that the
antenna remained static for the second epoch and the
third epoch, wherein the calculated difference between
the second position and the first position is determined
based on the second observation and the third observa-
tion.



